SHORT TERM EFFECT OF NITROUS OXIDE ON METHIONINE AND S-ADENOSYL METHIONINE CONCENTRATIONS B. D. ROYSTON, T. BOTTIGLIERI AND J. F. NUNN
Exposure to nitrous oxide causes oxidation of vitamin B 12 , the bound cofactor of methionine synthase ( fig. 1 ). Inhibition of this enzyme occurs very rapidly in the rat, but more slowly in man [1] . In both species, this is followed by inhibition of thymidine synthesis which appears to result from depletion of 5,10-methylene tetrahydrofolate (THF), the obligatory carbon donor for the conversion of deoxyuridine into (deoxy)thymidine.
5,10-Methylene THF is derived from 10-formyl THF which results from the interaction of THF and active formate which is derived from methionine ( fig. 1 ). THF and methionine are the two products of the transmethylation reaction inhibited by nitrous oxide. However, at the present time it is not clear whether the reduction in 5,10-methylene THF is caused by a critical depletion of methionine or THF (or both), or by some other effect of nitrous oxide unrelated to vitamin B 12 oxidation.
In the rat, inhibition of thymidine synthesis is evident after 1 h of exposure to nitrous oxide [2] . However, liver methionine concentration is 88 % of control after 12 h of exposure and 84% after 24 h [3] . Hepatic concentrations of S-adenosyl methionine (SAM) were 70% and 67% of control, respectively, after 2 h and 4 h exposure to nitrous oxide [4, 5] . We are unaware of any measurements of methionine or SAM concentrations in the rat after shorter exposures.
Thus it is unclear whether depletion of methionine or of SAM is critical for interference with thymidine synthesis in the early stages of nitrous oxide exposure. We have therefore examined changes in methionine and SAM concentrations in the rat during the first 80 min of exposure to nitrous oxide, -a time when the deoxyuridine suppression test has already become abnormal.
SUMMARY

Concentrations of methionine and S-adenosyl
MATERIALS AND METHODS
Exposure to nitrous oxide
A Perspex exposure chamber was fitted with a trap door through which rats could be introduced into the chamber without appreciable change in its gas composition. The chamber (30 litre capacity) was flushed with at least 100 litre of a 50% mixture of nitrous oxide in oxygen (Entonox) and flow was then maintained at 7 litre min" 1 . Batches of six specific pathogen-free Sprague-Dawley male rats were exposed for 5, 10, 20,40 or 80 min. Cage controls breathed air: chamber controls (80 min) breathed either air or 50% oxygen in nitrogen. The use of the various control groups is indicated in table I. Humidity in the chamber did not increase above 50% and carbon dioxide concentration above 0.2 %. At the specified time, rats were removed from the chamber and immedi- ately given a lethal i.p. dose of pentobarbitone 60 mg kg" 1 . As soon as consciousness was lost, the rats were exsanguinated by cardiac puncture and portions of the liver and brain were removed. Hepatic methionine was measured only in controls and after 80 min exposure.
Storage and analysis of samples
Whole blood and plasma were deproteinized with 7 and 2 volumes of perchloric acid 0.48 mol litre" 1 , respectively. For analysis of SAM, liver and brain tissue were deproteinized with 10 and 5 volumes of perchloric acid 0.8 mol litre" 1 , respectively. The supernatants were stored at -20 °C. For methionine analysis, liver tissue was immediately deproteinized with 10 volumes of methanol and the supernatants stored at -20 °C. SAM concentrations were measured by a modification of the enzymatic double isotope method of Giulidori and Stramentinoli [6] . Methionine was determined by high pressure liquid chromatography on a 25-cm hypersil octadecylsilyl column. Detection was by fluorescence after derivatization with o-phthaldialdehyde. In our hands, the limit of detection was 2 |imol litre" 1 and the coefficient of variation for replicate samples was 7.4%. The techniques are described in detail elsewhere [7] , except that a fluorescent detector was used with the high pressure liquid chromatography. All samples were arranged randomly for analysis.
Statistical analysis
One-way analysis of variance was used to test the significance of differences of means of more than two exposure groups. Unpaired Student's t tests were applied to the mean values for pairs of different exposure groups.
RESULTS
Plasma
Plasma methionine concentrations ( fig. 2 , table I) showed no significant differences between either of the two control groups and any of the exposed groups. Cage controls for plasma concentrations of SAM were not available, but there were no significant differences between the chamber controls and any of the exposed groups ( fig. 2,  table I ).
Whole blood
Whole blood concentrations of SAM showed no significant differences between chamber controls and any of the exposed groups ( fig. 2, table I ).
Liver
Analysis of variance showed no significant differences in methionine concentrations between any of the three control groups (P = 0.147) (table I). All three control groups were pooled, giving a mean methionine concentration of 25.0 nmol g" 
FIG. 3. Liver concentrations (mean, 2SEM
) of SAM during 80 min exposure to 50 % nitrous oxide, compared with cage controls exposed to air and chamber controls exposed to air or 50% nitrogen in oxygen (N 2 ). significant (P < 0.0005). Each separate control group was also significantly different from the group exposed to nitrous oxide. There were no significant differences in SAM concentrations between cage and chamber controls breathing either air or 50% nitrogen in oxygen (table I, fig. 3 ). All three control groups were pooled, giving a mean SAM concentration of 53.3 (SEM 1.85) nmol g" 1 .
The SAM concentrations in no group exposed to nitrous oxide were significantly different from the pooled controls.
Brain
There were no significant differences in SAM concentrations between cage and chamber controls (table I) . These two groups were pooled to give a mean SAM concentration of 17.6 nmol g"
Both the exposed groups showed no significant difference from the pooled controls. DISCUSSION We have found no change in plasma methionine or SAM concentrations in both plasma and blood during exposure to nitrous oxide lasting up to 80 min. Lumb and colleagues [3] found plasma methionine concentration was 64% of control after 24 h exposure of the rat to 50 % nitrous oxide. Vina, Davis and Hawkins [8] found an insignificant reduction to 82 % of control after -120-, 100- 24 h exposure. We are unaware of any measurements of plasma concentrations of SAM in the rat exposed to nitrous oxide. Our results may be compared with our own human data which showed no change in plasma concentrations of either methionine or SAM during nitrous oxide anaesthesia lasting between 25 and 217 min [7] .
We have shown a highly significant reduction of hepatic methionine concentration to 62 % of pooled control values after 80 min exposure to nitrous oxide. This may be compared ( fig. 4 ) with reductions to 88% of control after 12 h [3] and, after 24 h exposure, reports of 84% [3] and 55 % [8] . Lumb and colleagues [3] found values tending back towards normal during exposures lasting 8 days (fig. 4) .
In contrast, our values for hepatic concentrations of SAM in the rat showed no significant reduction below control values during 80 min exposure to nitrous oxide. This may be compared ( fig. 4) with reductions into the range 65-70% of control, reported for 2 h exposure [5] and 4 h exposure [4] . A progressive decline in hepatic concentration of SAM has been reported [3] between 12 h and 10 days of exposure to nitrous oxide. We are unaware of any human data for hepatic changes in methionine or SAM concentrations following exposure to nitrous oxide.
S-Adenosyl methionine (SAM) is formed only from methionine, but the kinetics of the two hepatic iso-enzymes of methionine adenosyl transferase ensure the maintenance of SAM concentrations in the face of low methionine concentrations. SAM is maintained well in the early stages of starvation and plasma concentrations were unaffected by the reduction in plasma methionine following preoperative restriction of feeding [7] . It would appear that plasma methionine concentrations do not reflect hepatic methionine concentrations in the early phases of exposure to nitrous oxide. For haemopoiesis, the relevant tissue is bone marrow, but there are severe technical difficulties in measuring the methionine concentration in marrow stem cells. Inferences may be drawn from hepatic intracellular concentrations of methionine and SAM. However, the possibility remains that the interference with thymidine synthesis in marrow may result from critical depletion of SAM in marrow stem cells, not reflected in other tissues.
By the time thymidine synthesis is measurably impaired, after approximately 1 h of exposure to nitrous oxide, SAM concentrations in liver, brain and plasma are still normal. Since SAM is an intermediate between methionine and active formate ( fig. 1) , there seem no grounds for believing that reduction of methionine concentration plays any part in the deficiency of 5,10-methylene tetrahydrofolate, which decreases to 27 % of control after exposure of rats to nitrous oxide for 4 h [4] .
If depletion of methionine and SAM are not factors in early impaired thymidine synthesis (detectable after 1 h of exposure to nitrous oxide in the rat [2] and as little as 2 h in man [9, 10] ), there are two other possibilities. The first is depletion of tetrahydrofolate according to the classical theory of the "methyl folate trap". Eells and colleagues [4] reported tetrahydrofolate significantly reduced from 14.2 to 8.5 nmol g" 1 in rats after 4 h exposure to nitrous oxide. The second possibility is that nitrous oxide may interfere with entry of tetrahydrofolate into the cell and the formation of folate polyglutamates [11, 12] .
The deoxyuridine suppression test may remain abnormal for as long as 6 days following 24 h exposure to nitrous oxide [9] . Megaloblastic anaemia develops in man [13, 14] and fetotoxicity occurs in the rat [15] , both effects being at least in part reversible with administration of 5-formyl THF (folinic acid, converted in the body to 10-formyl THF). This accords with the direct observation [4] that 10-formyl THF was reduced to 29 % of control following exposure of rats to 50 % nitrous oxide for 4 h, although this large change did not achieve statistical significance. However, the precise mechanism by which this results from inhibition of methionine synthase activity is still not clear. It seems unlikely that SAM depletion is responsible in the early stages, but depletion of hepatic SAM has been clearly shown after several days exposure to nitrous oxide [3] (fig. 4) . Thus the biochemical mechanism of depletion of 5,10-methylene THF may be different for different durations of exposure to nitrous oxide.
